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Abstract

Introduction

An overview 1s given of laser microprobe mass
spectrometry (LMMS) in biology and biomedicine
( 19 89-1993). The present instrumentation and its anal ytical features are surveyed. Applications are presented
with special attention on human and animal tissue
samples, as well as plant material. The capabilities of
LMMS to study the element distribution in histological
sections, to identify the chemical composition of inorganic inclusions and to generate structural information
from organic compounds are evidenced.

Laser microprobe mass spectrometry (LMMS) is
one of the micro-analytical techniques that has recently
emerged, allowing biologists and researchers in the
biomedical field to obtain chemical information about the
composition of microscopical sample areas. Particularly
interesting features can be distinguished, due to the
sample ionization by means of photons followed by mass
spectrometric analysis. LMMS allows the analysis of
insulators, as sample charging is negligible. Due to the
adjustable laser ionization conditions, inorganic as well
as organic analysis can be performed. Furthermore, the
use of mass spectrometric detection implies that full
isotopic information of elements as well as structural
characterization of organic compounds can be performed. Additional properties are its detection limit
down to almost 10·18 g, its speed of operation, its
microbeam character (spatial resolution 1-5 µm, depending on the instrument) and its capabilities to analyze
surface layers.
The use of lasers in mass spectrometry gives access
to a wide variety of research applications. An elaborate
overview of laser mass spectrometry techniques has
recently been published (Van Vaeck et al., 1993a). As
to microprobe instruments, new developments include
the combination of focused laser ionization with Fourier
transform mass spectrometry as an alternative to the
more currently used time-of-flight set-ups. Another
approach consisted in the implementation of post-ionization to increase the ion yield and hence, the sensitivity
(Becker et al., 1989; Thompson et al., 1989). Due to
features mentioned above, applications of LMMS are
almost unlimited. For a general survey, the reader is
referred to the literature (Van Vaeck et al., 1993b).
Specifically for the biological and biomedical field, most
of the applications in the period considered in this paper,
have concerned elemental analysis. However, one of the
major assets of the LMMS technique is the potential to
offer microprobe facilities in the field of organic mass
spectrometric analysis (Van Vaeck and Gijbels, 1989).
Although this has triggered a lot of interest among the
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biomedical researchers, few successful applications have
been reported (cf. infra). Major limitations are proven
to arise from the confined information depth (Van Vaeck
et al., 198 8). However, apart from the microprobe
aspect, the ultra-fast heating rate of the solids by focused
laser beam interaction permits to characterize labile
organic compounds, intractable by conventional mass
spectrometry with ionization in the gas phase (Van
Vaeck et al., 1989; Hutchens et al., 1992). More
striking, laser microbeam irradiation permits the generation of ions of over 300,000 daltons from biopolymers,
a formerly unknown achievement in the mass spectrometry. This has been achieved by the technique of the
matrix assisted laser desorption-ionization (MALDI)
(Karas and Hillenkamp, 1988; Hillenkamp, 1989).
Essentially, the analyte molecule is embedded in a
matrix compound, exhibiting strong absorption at the
wavelength of the irradiating laser. Current literature
shows that the characterization of high molecular weight,
polar and labile biomolecules by MALDI has become a
booming field (Karas and Hillenkamp, 1989; Karas et
al., 1989; Bomsen et al., 1991; Spengler and Kaufmann, 1992).
Reports on LMMS-applications in biology and
biomedicine, published during the past five years (19891993) were thus compiled. A more complete overview
of the total LMMS work, can be obtained by combining
this review with previous compilations published (Kaufmann, 1982; Verbueken et al., 1985) and by consulting
the proceedings of LMMS symposia (Hillenkamp and
Kaufmann, 1981; Seydel and Lindner, 1983; Adams and
Yan Yaeck, 1986; Russell, 1989). Also in the past
years, several works have been published that highlight
the application of LMMS in a certain field (Heinrich,
1990; Hiihling et al., 1991; Linton et al., 1989; Schmidt
et al., 1990; Schmidt and Barckhaus, I 991; Spengler et
al., 1989) or discuss the achievements, possibilities and
limitations of this micro-analytical technique (Clarke,
1989; Kaufmann et al., 1989; Van Yaeck et al., 1988;
Yan Vaeck and Gijbels, 1990; Yan Yaeck et al., 1990).
The many different areas of research where LMMS has
been applied, reflect its broad applicability and highlight
its many interesting characteristics and analytical utility.
The purpose of this paper is to summarise the main
functional aspects of the instrumentation. In addition to
the currently applied time-of-flight set-ups, the recently
developed Fourier transform mass spectrometers are
discussed to assess the future applications. The analytical
features in relation to biological applications will be
stressed. The discussion of the applications is structured
according to the field of biology, including plant and
animals, and biomedicine. In each direction, LMMS
analysis can aim at the study of element distributions,

identification of the molecular composition of inorganic
inclusions (so-called speciation) and/or characterization
of organic molecules by means of structurally relevant
IOnS.

Instrumentation and Performance
Laser microprobe mass spectrometry in biological
and biomedical research, is based on laser beam induced
ion production by evaporation of microvolumes of
histological sections or single cells and subsequent mass
spectrometric analysis of the resulting ions. The laser
microprobe technique is referred to by a variety of
acronyms such as LAMMA, LIMA (both being registered trademarks) and LAMMS, LIMS, or LMMS. We
will use the last notation, complemented with TOF
(time-of-flight) or FT (Fourier transform) to indicate the
type of mass spectrometer being discussed.

Time-of-flight Laser Microprobe Mass Spectrometry
The first commercial laser microprobe instruments
were the LAMMA-S00R (Vogt et al., 1981) and
LAMMA-lO00R (Heinen et al., 1983) initially marketed
by Leybold-Heraeus (Cologne, Germany) and now by
SPECS (Berlin, Germany) and the LIMA-2AR instrument (Evans et al., 1983), first sold by Cambridge Mass
Spectrometry (Cambridge, UK) and now by Kratos
(Manchester, UK). The LAMMA-1000\
due to its
reflection geometry, is suited to surface analysis of bulk
materials; the LAMMA-S00R is developed for thin
specimens and operates in the transmission mode. The
LIMA-2A Ris compatible with both operation modes. As
most of the published work in the biological and medical
area is done with the LAMMA-50Cf, we will limit our
description to this instrument. More information on the
modem revival of TOF MS is given by Cotter (1989).
Figure 1 shows the basic components of the laser
microprobe mass analyzer LAMMA-500\
i.e., an
optical microscope, a laser system and a mass spectrometer. By means of an optical microscope the specimen,
positioned in the vacuum at the entrance of the mass
spectrometer, can be observed. The sample usually
consists of a thin histological section prepared from a
tissue specimen as for electron microscopy, which can
be stained and is mounted on an electron microscopy
grid. Also sections from cryoprepared material can be
analyzed, but the commercial sample holder cannot be
cooled. Freeze-dried cryosections are therefore usually
the preferred material, if loss and redistribution of
soluble elements is feared. Different chemical sample
preparation techniques were compared (Vandeputte et
al., 1990a, see further). For more extensive information
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Figure 1: Schematic overview of the LAMMA-50Cf instrument.
relatively small organic molecules require a threshold
power density (Van Vaeck et al., 19936). Obviously, the
attenuation of the power density also affects the perforation diameter on the sample with a given lens.
The ionized part of the evaporated material consists
of positive and negative elemental and molecular ions.
The TOF mass spectrometer separates the ions with
different mass-to-charge (m/z) ratios according to their
flight times. By switching the polarity of the electric
fields, either positive or negative ion spectra can be
recorded. Each perforation produces a complete mass
spectrum with simultaneous identification through the
entire periodic table. The spectra are stored in a fast
transient recorder and displayed within a second on a
computer screen, where the data can be processed
further. Methods for computer aided processing ofTOFLMMS spectra have been reported by Lindner and
Seydel (1989), who applied pattern recognition techniques, and by Wouters et al. (1993), who developed a
method based on a library search strategy.
Because the area to be analyzed is selected by an
optical microscope, the distribution of elements can be
correlated with morphological structures. The visibility
of the UV transparent objectives is not ideal. Off-line
optical and/or electron microscopy is profitable. The
illumination system in TOF-LMMS is kept rather simple
because of practical design constraints and does not
provide the full Kohler features. Careful comparison of

on sample preparation, readers are referred to earlier
reviews (Verbueken et al., 1985) or can tum to handbooks on electron microscopy sample preparation
procedures (e.g., Hayat, 1989).
The instrument is equipped with a high-power
pulsed Nd: Y AG laser that can be focused by the light
microscope to a spot on the specimen measuring approximately 1 µm in diameter. The sample area to be
analyzed is positioned under the visible red spot, projected by the collinear low-energy He:Ne laser. A short
(7= 15 ns) pulse of the high-energy laser vaporizes and
ionizes a small area of the tissue section, usually creating a minute perforation in the section. The laser
intensity of the UV laser on the sample can be controlled
through the use of in-tandem optical density filters,
which can lower the laser power to 2 % of its initial
value. Depending on the microscope objective selected,
the spot size ranges between 5 and 0.5 µm. The latter
value corresponds to the diffraction limit at >,. = 266
nm. Obtaining the optimal lateral resolution could reduce
sensitivity (Verbueken et al., 1985). The laser power
density on the sample has to be adjusted according to the
type of information wanted. The yield of elemental ions
is maximized under high power density conditions.
[deally, energy levels should be approximately five times
the appearance e'nergy of the element of interest, to
ensure consistent ionization (Kaufmann, 1982). In
contrast, speciation and structural characterization of
337
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the photographs taken before and after analysis can
ultimately extend the morphological information down to
the level of subcellular structures.
In respect to the analytical performances, commercial TOF-LMMS achieve a mass resolution, decreasing
from about 850 in the low m/z range (m/z 208) to a unit
mass separation around m/z 500 (MhM = 500) (Kaufmann 1982, Van Vaeck et al., 1993a). The mass
accuracy allows nominal mass assignments of the signals
up to m/z = 500 using external calibration. It is reported that the instrument performs minimum detection
limits of 10·18 to 10·19 g for the identification of trace
elements in biological tissues (Wieser et al., 1984,
Vollmer 1993). However, there still is a lot of debate
about quantisation by TOF-LMMS. Several researchers
have reported to be successful in obtaining quantitative
results by applying standards (Ehmann et al., 1993;
Lovell et al., 1992 and 1993; Vollmer, 1993). In our
opinion, TOF-LMMS is rather a qualitative tool than a
quantitative method. In fact, the bottleneck is the
preparation of standards.
Whenever an analytical technique fails to reach the
stage of quantisation, distinction has to be made between
the reproducibility and accuracy. In our experience, the
short-term reproducibility of TOF-LMMS can be
excellent with a relative standard deviation of 5 % on the
signal intensities for selected samples e.g. vapor-deposited carbon films. More problematic is the reliable
preparation of representative standards for biological
samples because ideally, it has to be a solid, comprising
a minor component (e.g., 100 ppm of an element),
which is distributed perfectly, i.e., at the molecular
level, within a bulk matrix (embedding resin). In
practice, this not feasible. But then at least the standard
must be homogeneous at a level under the spatial
resolution. Otherwise stated, a standard is adequate
when the chemical composition and the physical properties within each volume, defined by the lateral resolution
(spot diameter) and the information depth of TOFLMMS, are identical (within the detection limits of
TOF-LMMS). Whenever the use of a control technique
is necessary, this method must have the same or better
spatial resolution, information depth and detection limits
while at the same time, the signal response to the
concentration must depend on the same physical parameters as the ones in TOF-LMMS. In practice, this is all
but trivial. For instance, the information depths of
current microprobe techniques such as SIMS and X-ray
analysis are different while the signal does not depend
on for instance the UV absorption of the material, which
is crucial in LMMS. It has to be recognised that the
fundamental elucidation of the basic processes of ion
formation by means of the interaction of a focused laser

beam with heterogeneous solids under relatively high
power density conditions still requires a lot of research.
Up to now, there is even little experimental evidence
available on practical features such as the information
depth of TOF-LMMS (Van Vaeck et al., 1988). In
conclusion, these problems explain why it so difficult to
prepare suitable standards for biological analysis by
TOF-LMMS. In our opinion, this represents the major
obstacle to refine the quantitative application of the
technique.
Recently, the original LAMMA-concept has been
redesigned in order to overcome some of the limitations
of the first generation laser microprobes (Kaufmann and
Spengler, 1992). The points which are most often
criticized are: a) the modest spatial resolution, especially
in reflection type instruments, b) the poor mass resolution (M/i.M ~ 850 at m/z 208), c) the lack of true
quantification, d) the insufficient sensitivity for some
biologically important trace elements (e.g., Zn) due to
background interference caused by organic fragmentations, e) the poor imaging capability in reflection type
instruments and f) the shortage of analytical mapping
facilities.
This resulted in a LAMMA-2000 concept (Kaufmann and Spengler, 1992) in which the design is based
on a confocal UV scanning microscope, providing for
true diffraction limited resolution (0.5 µm at 266 nm).
In order to overcome the geometrical conflict between
imaging and ion extraction, encountered in the previous
reflection type laser microprobes, all refractive high
numerical aperture (0.6) focusing optics were built in to
allow coaxial ion extraction. An x/y/z piezo driven
specimen stage allows for confocal (UV) scanning
microscopy and analytical mapping. Interchangeable
optics allow for a transmission as well as a reflection
geometry. Improvements thus far obtained comprise an
amelioration of the mass resolution, up to MhM =
4,500 at m/z 208, a linear detection response over three
orders of magnitude and an improvement of the sensitivity, due to the application of resonant postionization.
The set-up still uses a time-of-flight type mass analyzer,
as opposed to other groups which incorporated a Fourier
transform mass spectrometer into a new instrumental
design.

Fourier Transform (FT) Laser Microprobe Mass
Spectrometry
LMMS has been used almost exclusively for the
determination of elemental rather than molecular distributions on a micrometer scale. Although laser ionization
offers unique possibilities for the analysis of organic
ions, developments in this field were largely restricted
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by the limited mass resolution offered by TOF analyzers
(Van Vaeck et al., 1993a). The challenge of combining
the potential of laser ionization/laser desorption processes with the high mass resolving power and high mass
accuracy of Fourier transform (FT) ion cyclotron
resonance mass spectrometers, has recently been approached by several research groups resulting in different set-ups.
More information on the instruments developed by
two research groups at IBM (Endicott, New York)
(Brenna et al., 1988; Brenna, 1989), on the completely
different approach of Muller's group at the University of
Metz (Muller et al., 1989) or on the development of a
laser microprobe Fourier transform mass spectrometer
with external ion source (Van Vaeck et al., 1993c), now
operational at the University of Antwerp, can be found
in the cited literature. Only a brief outline will be given
here.
The main components that can be distinguished are:
a laser system, a sample stage, a sample manipulation/exchange system, a sample observation system and
an ICR (ion cyclotron resonance) cell. A focused laser
beam is directed onto the sample, mounted in a reflection geometry. The sample is either positioned inside the
ICR cell or ion formation takes place in an external ion
source whereafter the ions are transferred to the cell for
detection. The detection is based on ion cyclotron
resonance spectroscopy (ICR). Ions are trapped in two
dimensions by a static magnetic field and in the third
dimension by a static electric field, positioned collinearly
to the magnetic flux lines. The orbiting frequency
depends on the m/z of the ions. Ions trapped in this cell
are subjected to an "excite" signal, consisting of a
frequency-swept oscillating electric field. Ions that come
into resonance with the frequency of the oscillating field,
pick up energy and become orbiting on large radii as
coherent ion packets, which induce image currents on
the detector plates. The resulting signal is amplified and
digitized. A Fourier transformation of the time-domain
signal results in a spectrum of ion intensities vs. frequency. Calibration of the frequency scale into m/z
yields the final mass spectrum. Mass resolution and
accuracy of the m/z determination are inherently high in
FTMS. The principles of FTMS are excellently covered
by Marshall and Verdun (1990).
The analytical performances of the FT-LMMS with
external ion source (Van Vaeck et al., 1993c) compare
favorably with the ones mentioned above for TOFLMMS. FT-LMMS allows routine achievement of mass
resolutions exceeding 106 below m/z 100 and la5 at m/z
1,000. The accuracy of the m/z determination is around
I ppm, permitting to determine unambiguously the exact
elemental composition of the detected ions. As a result,

the mass resolution and the mass accuracy increase the
specificity of a given signal by several orders of magnitude in comparison with TOF-LMMS. However, the
minimum spot size is 5 µm. The detection limit for
elemental ions is about la8 atoms present within the
evaporated microvolume. As a result, FT-LMMS
permits to deal with similar applications as TOF-LMMS
on the condition that a spatial resolution of 5 instead of
a 1 µm is acceptable. Especially, the latter requirement
may restrict the use ofFT-LMMS in the field of biology
and biomedicine, where a lot of problems need a
characterization of the chemical composition at the subcellular level (sub-micrometer).

Applications of TOF-LMMS in Biology
TOF-LMMS has been successfully applied to
characterize the elemental as well as organic composition
of plant portions. Heinrich ( 1989a) reported on the ionic
composition of seven different fungi lattices. As in most
lattices of higher plants, potassium (K) was reported to
dominate, whereas magnesium and sodium occurred in
lower concentrations and calcium was only found in very
small amounts. The recorded anion spectra were found
to be very characteristic, allowing a simple distinction
between the lattices of fungi and those of higher plants.
This could help in distinguishing between cyanogenic
and noncyanogenic organisms. The same author also
reported on the cation analyses of twenty different plant
nectars (Heinrich, 19896).
Mathey et al. (1989), reported on the in situ analysis of carnation phytoalexins. Dianthalexin (DX) and
methoxydianthramide S (MDS) are the major phytoalexins, which are synthesized by and accumulated in
Diamhus caryophyllus L (carnation), after exposure to
the micro-organism Phytophtora parasitica Dastur
(pathogenic fungus). The antimicrobial compounds could
be localized in cryosectioned plant material. Their
fluorescence facilitated the selection of the spots to be
analyzed. DX was found in the lignified wall of vessels
or in the obstructing inclusions, after elicitation. DX was
furthermore found in cell walls and cytoplasm of
medullary tissue (parenchyma). MDS was only rarely
detected.
Recently, the first biological application using a
LMMS of the Fourier transform type, was reported
(Mathey et al., 1994). In situ analyses of perylene
quinones in lichen samples were performed. The mass
spectra could be correlated with the morphology and
anatomy of the lichen material. Sample preparation was
negligible as a consequence of the reflection geometry.
Additionally, high resolution mass spectrometric data
were obtained from micrometer sized volumes under
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ion transport studies, toad rods were incubated with
Ringer solution, in which the 40 Ca was replaced by 42 Ca
or 44 Ca. The release and uptake from different calcium
isotopes in the toad rods was monitored with LMMS. It
was demonstrated that calcium could exist in two pools
: one in the outer-segment, where calcium exchanged
slowly with extracellular calcium, and one probably
located within the disks in which calcium exchanged
much more rapidly.
TOF-LMMS has also been applied in several
environmental studies. Hutchinson et al. (1992, 1993)
described the implementation of a bioprobe to determine
anthropogenic chemical contamination of freshwater
systems. The detection system used, consisted of the
outer organic shell cover (periostracum) of the Asiatic
freshwater clam Corbicula fluminea as the biological
monitor, and the LAMMA-lO0<f laser microprobe as
the detection tool. Laser generated spectra from the
periostracal layers of clams contaminated with either a
salt, potassium bromide, or an aromatic compound,
phenol, produced distinctive mass spectral signatures that
are different from uncontaminated clams.
The liberation of aluminum, due to the acidification
of a poorly buffered environment, poses a potential
threat to plants and animals. Fine roots and ectomycorrhizal root tip samples from a Norway spruce (Picea
abies (L) Karst.) stand in the Belgian Ardennes, were
investigated by Eeckhaoudt et al. (1990, 1992a). The
localization of aluminum in fine roots with secondary
structure, was limited to the peripheral cell layers.
LMMS-analyses showed the presence of aluminum in
the thickened cell walls of stone cells, in the cell walls
of cork cells and in their tannin deposits. Aluminum
could not be detected in the primary phloem or in the
secondary vessels, which are both located in the central
cylinder, nor in the secondary parenchyma. Aluminum
accompanied lead in the periderm layers, but not in the
primary phloem of roots with secondary structure, where
lead is found together with calcium and magnesium (cf.
Figure 3a, Eeckhaoudt et al., 1992a). In ectomycorrhizae, aluminum was found in the mantle. As displayed in
Figure 36, aluminum was detected in the cell walls of
hyphae of the Hartig net. Also lead could be detected. It
was situated in the outer root layers and in the primary
phloem. The mycorrhizal mantle did not provide a
barrier to aluminum, but lead was seldom detected in
ectomycorrhizae.
Through a combined use of light- and electron
microscopy with micro-analytical techniques (including
TOF-LMMS), the distribution of aluminum in catfish
gills (Ictalurus nebulosus) was investigated (Eeckhaoudt
et al., 19926). Acid-resistant catfish were exposed for
seven days to acidified water (pH=4.3) and an elevated

microscopical observation. Previously, it was necessary
to apply high resolution MS on the isolated substances,
in which case the link with the biological morphology
was lost.
TOF-LMMS of individual bacterial organisms and
of isolated bacterial compounds, provides a valuable tool
in microbiology (Dietz et al., 1991; Haas et al., 1991;
Lindner et al., 1990; Seydel et al., 1992). The use of
the fragment ions originating from their organic bacterial
cell matrices as "fingerprints" permitted to assess
changes in the degree of impairment (Haas et al., 1991).
Via the measurement of the intrabacterial sodium to
potassium ratios (Na+, K+ -ratios) of a limited number of
bacteria, information could be obtained on the distribution of the physiological state within a bacterial population after drug administration (Haas et al., 1991; Seydel
et al., 1992).
Figure 2 illustrates how the kinetics of drug-induced
changes can be monitored (Seydel et al., 1992). Bacteria
M smegmatis were grown in batch culture and a drug
trimethoprim (TMP) was added. Bacterial growth of the
control population and of the treated culture is shown in
Figure 2a. Relative cumulative distributions of the
Na+ /K+ -ratios obtained from 300 single cell analyses per
sample by LMMS, are depicted in Figure 2c. Under
influence of the drug, the shape of the distributions is
changed and the median (50 % value) is shifted to higher
values up to an incubation time of 47 .5 hours (see also
Figure 2c). After 73 hours however, a shift to a lower
cation ratio can be observed. Further valuable information could be acquired through the evaluation of the not
directly interpretable mass peak patterns of the LMMS
spectra by pattern recognition techniques (Lindner and
Seydel, 1989). The results are represented into a twodimensional nonlinear map of similarity relationships,
between the control and drug-treated samples. The
distances between the areas represent the numerical
dissimilarities between the different samples. Figure 2d
shows that the dissimilarity between the control and
drug-treated samples increases up to 47 .5 hours of
treatment. There is however, only a limited dissimilarity
between the control and drug-treated sample of 73 hours
exposure. The developed method is applicable to therapy
control in Hansen's disease and a correlation between
the morphology of an individual M lepra cell and its
physiological state could be achieved (Seydel et al.,
1992).
The capabilities of TOF-LMMS to detect full
isotope information enables one to study dynamic
systems. For instance, Fain and Schroder ( I 987) investigated the uptake and release of calcium (Ca) in intact
rod photoreceptors in the dark-adapted retina of the
toad, Bufo marinus. To study the kinetics of calcium in
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Figure 2: Influence of trimethoprim (TMP) drug treatment on the physiological state of M smegmatis bacteria with time
of drug exposure. (A) total cell number (times given refer to the duration of the drug influence); (B) relative cumulative
distributions of the intrabacterial Na+ ,K +-ratios; (C) medians; (D) numerical similarity relationships between the averaged
fingerprint spectra. Reprinted from Seydel et al., (1992) with permission of Elsevier Science Publishers.
with different aluminum concentrations), a quantification
of the aluminum levels in the different analyzed cell
types was obtained: about 2. 10·16 g Al/ µm 3 in gill
epithelial cells, about 5. 10·17 g Al/ µm 3 in nuclei of liver
cells, about 5. 10·16 g Al/ µm 3 in pigment cells of the
liver.

aluminum concentration (1 mg Al/I). Aluminum was
detected in electron dense deposits, located at the
borders of the secondary lamellae (cf. Figure 4) and
inside the gills, in chloride cells and macrophages
situated at the secondary lamellae bases. The microanalytical findings suggested that aluminum toxicity is
associated with gill aluminum accumulation and gill
surface interactions, but could also exert an effect
through cellular uptake. Concentration of aluminum in
macrophages points to a detoxification mechanism in
which the metal is collected and stored.
Vollmer (1993) combined a modified haematoxylon
staining technique and TOF-LMMS to study the distribution of aluminum in larvae of the Alpine salamander
(Triturus alpestris). Aluminum could be detected in
epithelial cells of gills of larvae exposed to aluminum
containing acidified water, both under laboratory conditions and in nature. Aluminum was found in nuclei of
epithelial cells, but was absent in the pigment cells of
the analyzed gills. Aluminum accumulated in the liver
and its presence was demonstrated in several cell types
: in melanocytes arid in nuclei of hepatocytes. Through
the use of particle standards (saccharose particles loaded

Applications of TOF-LMMS in Biomedicine
It is important to gain knowledge on the distribution
and concentration of metals and on physiologically
important ions in soft and hard tissues, so that microanalytical findings can be correlated with clinical
expressions and pathology. The identification of the
subcellular targets and the characterization of the
molecular mechanisms of intoxication are facilitated by
a clear understanding of the distribution and subcellular
localization of the toxicant.
Studies related to lead intoxications
Vandeputte (1989) analyzed different tissues of lead
intoxicated rats, w~ing the LAMMA-S00R apparatus.
Acute intoxication experiments were carried out via
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I

_LWJJ~JuJJLL_J.1~:1~.tFigure 3: Light micrograph of primary phloem after TOF-LMMS analysis, showing the laser perforations. Averaged
(n= 10) positive ion mass spectrum of analyzed primary phloem (A). Averaged (n=20) positive ion mass spectrum of
analyzed hyphae cell walls (B).
Figure 4 (facing page): Representative positive ion mass spectra of an analyzed secondary lamella edge, recorded in gill
tissue of bullhead (lctalurus nebulosus) exposed to acidified water only (A) or to acidified water containing elevated
aluminum levels (B). The electron micrograph shows the electron dense deposits accumulated on gill lamellae of fish
exposed to aluminum containing acidified water. Staining: toluidine blue.
be necessary to omit a post-fixation with osmium
tetroxide since it caused a decrease in the lead signals.
Also an increase in tissue calcium levels and a contamination with barium were reported after osmium tetroxide
postfixation. Analyses of the osmium tetroxide solution
revealed substantial amounts of aluminum, originating
either from the solution or from the glassware during
storage of the fixative solution. Care must thus be taken
in the interpretation of micro-analytical results of
osmium tetroxide fixed material. No intranuclear
inclusions could be detected in the analyzed hepatocytes
of rats exposed to lead-containing drinking water. Only
in a few nuclei of all the analyzed hepatocytes, could a
small lead signal be detected. Also in the numerous
Kupffer cells analyzed and in Paneth cells, a small lead
signal was rarely detected.
Intraperitoneally lead-induced soft tissue calcifications were studied using TOF-LMMS (Vandeputte, 1989)
and energy-dispersive X-ray (EDX) micro-analysis
(Vandeputte, 1989; Vandeputte et al., 1990b). As
illustrated in Figure 5 (Vandeputte, 1989), high lead
signals together with calcium-phosphorus cluster ions
could be detected in the present electron dense collagen

intraperitoneal injections and chronic intoxication was
established via administrations to drinking water. In
view of the importance of the symptomatology of lead
intoxication in kidney, liver and gastrointestinal tract,
the interest was focused onto kidney cortex (Vandeputte
et al., 1990a), liver parenchyma and Paneth cells in the
ileum (Vandeputte, 1989). The tissue processing procedures for micro-analysis were also evaluated and reported on (Vandeputte et al., 1990a).
In the kidneys of rats exposed to lead-containing
drinking water, extensive damage could be observed.
Many intranuclear bodies, cells with multiple intranuclear inclusion bodies, cytoplasmic fibrillar inclusions and
myelin figures were observed (Vandeputte, 1989).
Typical intranuclear inclusions, which could be observed
in the epithelial cells of the renal proximal tubules of
experimentally intoxicated animals, were monitored to
evaluate different sample preparation procedures (Vandeputte et al., 1990a). The lead binding in the intranuclear
inclusion bodies, appeared to be strong enough to
withstand the chemical sample preparation and the use
of precipitation techniques for the retention of lead was
considered not to be necessary. It was however found to
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bundles. EDX micro-analysis in a scanning transmission
electron microscope, showed the distribution of calcium
and phosphorus along the collagen fibrils to be equivalent and demonstrated lead in the most electron-dense
areas. Different mechanisms were proposed for the
observed lead-induced soft tissue calcifications.

Ag and of P and Fe to Sn could be deduced from the
mass spectra. Even in non-discoloured human gingiva
samples, dental metallic compounds could be detected
(Rechrnann, 1992). Particles analyzed in samples taken
near amalgam fillings, feature Ag, Sn, Hg and Cu.
Samples in direct contact with casting iy\oys revealed
elements like Au, Pt and Ga, as illustrated by Figure 7b
(Rechrnann, 1992). Active degradation ofth~ incorporated material was again indicated by the simultaneous
detection of endogenous elements (P, S, Ca, Fe, Se). It
was concluded that, as even non-discoloured gingiva
may be contaminated by metallic compounds, the burden
of gingiva and subsequent tissue reactions appears to be
more frequent than usually considered. A review on
applications of TOF-LMMS in dental sciences has been
compiled by Rechmann et al. (1991).

Applications in dental sciences
Vandeputte et al., ( 1990c) investigated the accumulation of fluoride and lead in an in vitro tooth germ
model to gain information on the influence of these
elements on dental development. Molars of three day old
rats were cultured in control medium or in medium
containing increasing concentrations of lead (1-15 ppm)
or fluoride (0.3 - 1 ppm). The resulting tooth germs
were analyzed by TOF-LMMS. Positive and negative
ion mass spectra were recorded in the following regions:
in pulp, odontoblasts predentine, dentine, enamel,
ameloblasts and enamel organs. The different layers,
which could be distinguished in the cultured tooth
germs, are illustrated in Figure 6 (Vandeputte et al.,
1990c). TOF-LMMS measurements demonstrated the
presence of lead in the dentine layer (cf. Figure 6a). In
the enamel or the cellular compartment, the lead concentration was below the detection limit (cf. Figure 6b).
The presence of fluoride was demonstrated in the
dentine layer of fluoride-treated tooth germs. No fluoride was found in the enamel, nor in other structures.
The results indicated that the enamel organ in the
secretory stage of tooth development, excludes lead and
fluoride from the enamel, even when enamel formation
by the ameloblasts is visibly disturbed. With the increasing awareness of the potentially chronic toxicology of
trace heavy metals, it has become necessary to evaluate
the fate of such particulated metal inclusions with
respect to their local transformations. Rechmann et al.,
(1989), systematically investigated amalgam tattoos of
the oral mucosa membrane and of human gingiva in
direct contact with dental alloys, with TOF-LMMS. In
most biopsies containing amalgam tattoos, particulated
inclusions could be identified as being derived from
dental amalgams, due to the presence of mass peaks (see
Figure 7a, Rechmann et al., 1989) related to dental alloy
material (Ag, Sn, Cu, Hg). In the remaining samples,
the tattoos originated either from a silver cone or an
unidentified metal alloy (Cr, Mo). The disappearance of
mercury from the tattooing amalgam particulates, was
interpreted as an indication of an element-selective
(corrosive) leaching. Next to the findings of alloy
elements, the presence of elements, such as P, S, Ca, Fe
and Se, was observed. This indicates the involvement of
an active metabolic process in the mechanism of particle
transformation. A selective association of S and Se to

Applications in brain research
TOF-LMMS has been adequately applied by several
groups, in brain research. Goebel et al. (1990) investigated the distribution of arsenic in sural nerve biopsy
specimens, to gain insight in the development and
treatment of a case of polyneuropathy caused by acute
arsenic (As) intoxication. TOF-LMMS demonstrated the
deposition or trapping of arsenic within peripheral
myelinated axons. This finding suggests a possible
pathogenetic significance in producing damage to
myelinated nerve fibers. The usefulness of TOF-LMMS
as a diagnostic procedure, was demonstrated by monitoring arsenic distributions in biopsy specimen. A first
biopsied sural nerve specimen was obtained after about
two months after the patient's arsenic poisoning and two
days after chronic therapy with "Dimaval" had started.
Dimaval treatment aimed at removal of arsenic. The
TOF-LMMS results in Figure 8a showed the presence of
arsenic in regions of myelinated fibres and perineurium,
while X-ray microanalysis using a scanning transmission
electron microscope failed to detect arsenic. In the
following sural nerve biopsy, arsenic had disappeared as
illustrated by the LMMS-spectrum in Figure 8b.
It has been suggested that several age-related
neurological diseases, such as Alzheimer's disease (AD)
and amyotrophic lateral sclerosis, may be related to
environmental toxins. Especially the role of aluminum as
a possible neurotoxic factor in Alzheimer's disease has
received considerable attention. Several micro-analytical
techniques, among which TOF-LMMS, have been
applied to study the cellular localization of aluminum,
which focal distribution may be masked by large
amounts of unaffected cells in bulk analysis. A review
of the possible role of aluminum in Alzheimer's disease,
including a discussion of some of the micro-analytical
findings thus far obtained, was given by Wisniewski and
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Figure S: (a) Transmission electron micrograph of transverse and longitudinally sectioned electron dense collagen bundles
in a 0.25 µm thick section of calcified tissue. Bar= 1 µm. (b) Positive ion mass spectrum recorded in an electron dense
collagen bundle as present in lead-induced soft tissue calcifications. Adapted from Vandeputte (1989) with permission
of D. Vandeputte.
Wen (1992).
Lovell and coworkers are developing and investigating standards for the use in the analysis of human tissue,
in particular for studies investigating trace element
involvement in neurological diseases (Lovell et al.,
1992). Aluminum calibration curves for use in the
quantisation of TOF-LMMS tissue analysis data were
prepared,
using cis-dicyclohexano-18-crown-6-ether
complexes dissolved in Spurr's low viscosity embedding
medium (Lovell et al., 1992a). The procedure was then
applied to the determination of aluminum in individual
neurons, together. with graphite furnace atomic absorption spectrometric analysis of bulk samples from the
hippocampus of patients with Alzheimer's disease and
control subjects (Lovell et al., 1993). Grand mean

aluminum levels were calculated, but the differences
among corresponding regions of neurofibrillary tangle
(NFT)-bearing, NFT-free and control neurons were not
found to be significant. An estimation of bulk levels of
aluminum, based on the neuron values obtained from the
micro-analytical measurements, resulted in aluminum
levels of about 2.2 to 2.9 µgig for AD tissue (dry
weight) and 2.0 to 2.1 µgig for control tissue. Very few
extremely high aluminum values were found on a
cellular basis in AD samples, but AD neurons did
exhibit a higher number of aluminum values that were
> 3a above the corresponding control means, than did
control neurons. This indicates that small elevations of
aluminum levels, may exist in patients with AD. It is
further concluded from the gathered data, that any
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200

Figure 7: (A) Positive ion TOF-LMMS data of casting
gold alloys as identified by Pd, Ag, Au LMMS signals
in a not discoloured gingiva. (B) Typical positive ion
TOF-LM MS results demonstrating amalgam-related (Ag,
Sn) and nonamalgam-related elements (P, S, Ca, Fe,
Se). Reprinted from Rechmann et al. (1989) and Rechmann (1992) with permission of San Francisco Press
Inc.

neuronal degeneration and antigenic alterations in the
microtubule-associated protein tau in cell cultures of rat
hippocampus and human cerebral cortex were studied
(Mattson et al., 1993). The intraneuronal calcium level,
[Ca2 +L was measured using the calcium indicator dye
fura-2 while the intraneural aluminum [All was mea'
3+
sured by TOF-LMMS. Exposures of cultures to Al
alone for up to six days, did not result in neuronal
degeneration. Neurons exposed to the divalent cation
ionophore A23 l 87 however, degenerated within four
hours when Ca2+ was present in the culture medium. A
direct relationship between increased calcium levels and
neuronal degeneration could be demonstrated. Neurons
did not degenerate when exposed to the ionophore in the
presence of Al 3 + and absence of Ca2+, despite of the 10fold increase in aluminum levels, as measured by TOFLMMS. Calcium influx, but not aluminum influx,
elicited antigenic changes in tau similar to those seen in
AD neurofibrillary tangles. Aluminum levels increased
in neurons that degenerated as the result of exposure to
glutamate, indicating that aluminum associates with
degenerating neurons. Taken together, the data indicate,

aluminum accumulation in patients with AD is small and
generalized in both NFT-free and NFT-bearing neurons.
This latter finding, is in contrast with the results obtained by another group (Perl and Good, 1989; Good et
al., 1992a; Perl and Good, 1992a), which reported
aluminum accumulation of AD to be specifically localized to the NFT itself at a concentration of 15-80 ppm.
Analyzed snap-frozen cryostat sections also revealed
similar spectra, with prominent aluminum related peaks,
confimung their previous findings (Good et al., 1992a).
These authors suggested that the observation of aluminum, being highly concentrated in colocalization with
the NFT, could be explained by the interaction of this
highly charged metal with specific binding sites on
integral constituents of the structure.
In this respect, the effects of experimentally elevated
intraneuronal levels of aluminum and/or calcium on
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that in contrast to increased calcium levels, elevated
aluminum concentrations may not induce degeneration or
antigenic changes in tau. TOF-LMMS has also been
applied for the determination of aluminum in spinal cord
samples from amyotrophic lateral sclerosis and control
patients (Tandon et al., 1992).
Different techniques for determining the cellular
iron distribution in brain tissues were compared (Perl
and Good, 1992b) and Good et al. (1992b) reported
TOF-LMMS findings on the analyses of neuromelanincontaining neurons of the substantia nigra in Parkinson's
disease (PD). It was demonstrated that in normal control
subjects, iron accumulates within neuromelanin granules
(Good et al., 1992b). In patients with PD, iron levels
within neuromelanin granules were significantly increased in comparison to the control population. In
addition, in some PD patients, also an accumulation of
aluminum within neuromelanin granules of the substantia
nigra neurons was detected. It was suggested that the
accumulation of iron and aluminum, which are known to
promote oxidant stress, may account for the selective
degeneration of neuromelanin-containing neurons in PD.

LMMS, aluminum accumulations in concentrations much
lower than necessary for staining, could be detected.
TOF-LMMS results recorded within the area of intact
and defect bone mineralization are depicted in Figure 9
(Schmidt et al., 1989). In areas of defect bone mineralization, aluminum was found at the junction between
osteoid and the mineralized matrix, and in bone cells
(osteocytes and osteoblasts). A comparison of osteoblasts
with different aluminum concentrations indicated that the
content of magnesium and calcium may decrease with
increasing aluminum content. The TOF-LMMS-findings
further supported the supposition that one of the possible
causes of aluminum induced osteomalacia is given by
aluminum accumulations which may inhibit the mineralization of the osteoid.
An animal model using systemic (intravenous)
administration of aluminum, under the form of aluminum maltol, was deveioped for studying long-term
aluminum toxicity (Vandeputte et al., 1989a). Systemic
administration of aluminum resulted in significant uptake
in different tissues, as determined by microwave acid
digestion and electrothermal atomic absorption spectrometry. Decreasing amounts were found in liver, renal
cortex, lungs, heart and brain. TOF-LMMS was applied
to study the large, sometimes multinucleated, cells in
livers of aluminum maltol-treated rabbits. Aluminum
could be identified in the electron-dense deposits,
present in the large multinucleated cells of liver sections.

Studies of dialysis-related diseases
Aluminum toxicity is a major problem associated
with intermittent hemodialysis treatment for chronic
renal failure. Disorders associated with aluminum
accumulation in these patients include dialysis encephalopathy, dialysis osteomalacia and osteod ystroph y, and
microcytic anaemia.
The administration of aluminum to uremic rats Jed
to accumulation in different brain regions and alteration
of brain gangliosides (Vukicevic et al., 1992). Addition
of 24R,25-dihydroxyvitamin-D3 did not influence the
brain aluminum content, but prevented the decrease in
brain gangliosides. By using electron microscopy and
TOF-LMMS, it was demonstrated that in rats given the
product together with aluminum, the metal was mainly
kept within perivascular astrocytes of the blood-brain
barrier. If rats were given aluminum only, the metal was
evenly distributed throughout the brain areas causing
extensive demyelination, chromatolysis of nerve cells in
some brain areas (hippocampus) and brain edema.
Possibly, these results could find application in the
prevention of aluminum induced encephalopathy in
patients on hemodialysis.
TOF-LMMS has become a valuable tool in the
determination of aluminum in bone of patients with
dialysis osteomalacia. To assess the effects of an elevated aluminum content on the mineralization process,
information was gathered on the distribution of aluminum within bone tissue (Schmidt et al., 1989; Schmidt
et al., 1991). Due to the low detection limit of TOF-

Localization of Ca2+
In studies of cellular physiology, there has always
been much interest in the distribution of particular ions.
Since the loss of calcium homeostasis is considered to be
one of the principal events leading to myocardial dysfunction, the distribution of calcium has already attracted
a lot of interest. The myocardium of patients with
chronic but non-fatal ischemia, reduces its contractility
in order to cope with the low availability of oxygen.
This phenomenon, called "chronic hibernation", is
characterized by a marked alteration of the calciumhandling organelles (sarcoplasmic reticulum, sarcolemma, T-tubules and mitochondria) in the affected cells. In
the light of these findings, TOF-LMMS studies were
undertaken to further document these particular cell
changes, by examining the localization of calcium
(Borgers et al., 1993; De Nollin et al., 1991). Biopsies
obtained from "hibernating" areas, were processed for
microscopical localization of total calcium (TOF-LMMS)
and of exchangeable calcium (phosphate-pyroantimonate
precipitation method, PPA). Being aware that calcium
redistribution could have taken place during tissue
processing, the authors were however intrigued by the
differences in calcium content among different subcellu
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al. (1989) with permission of San Francisco Press.
lar compartments in cells structurally affected by myolytic changes (Borgers et al., 1993). TOF-LMMS
revealed that in the structurally affected cell areas, in
which sarcomeres were replaced by glycogen, calcium
levels were significantly higher than in other areas
probed (Borgers et al., 1993; De Nollin et al., 1991).
The investigators ascribed the observation of such high
calcium peaks in the cytosol and not within mitochondria, which are well known for their calcium scavenging
capacity, to the idea that it reflects a pool of bound
calcium, which cannot be visualized by precipitation
methods like PPA. The observations that calcium is
retained at the sarcolemma and that mitochondria are
devoid of precipitate, favored the hypothesis that cells
structurally affected are not really ischemic, but are still
able to regulate their calcium homeostasis (Borgers et
al., 1993).
Another application, with an interest in the distribution of particular elements, consisted of the intracellular
ion measurements of melanins (Meyer zum Gottesberge,
1989 and 1991). Melanocytes of the inner ear are

involved in the local Ca2+ homeostasis. Melanin binds
calcium and releases magnesium. As an intracellular
calcium buffering system, melanin may control the
intracellular and/or intercellular micro-environment.
Furthermore, melanin/melanocytes are able to scavenge
toxic free radicals. Therefore ethnic differences, as far
as the amount of melanin is concerned, may play an
important role in the etiology of diseases associated
directly or indirectly with disturbance of calcium in the
inner ear. TOF-LMMS and energy dispersive X-ray
micro-analysis of melanins, showed the distribution of
ions and organic mass to be specific for the areas of the
inner ear examined. Based on the melanin location in the
inner ear and its ion content, insight was obtained into
its possible functions.

Study of pigment granules
Histochemical, electron microscopy and TOFLMMS studies on iron-storing pigment granules in the
cyclic rat endometrium, were performed by StanevaDobrovski et al. (1991). At estrus and metestrus, high
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amounts of iron could be detected in the pigment
accumulations of rat endometrium macrophages and
fibroblasts. The iron content of the pigment granules
was much higher than that of erythrocytes, which
probably reflects the use as iron depots during pregnancy.
Electron energy loss spectroscopy (EELS) and TOFLMMS were applied to investigate the composition of
exogenous pigment in Peyer's patches of the terminal
ileum (Vandeputte, 1989). The study demonstrated a
difference in sensitivity of the two methods for the
different elements detected in the sample (Al, Si, Ti).

ery, to be located mainly in the anterior layers of the
Bowman's membrane, while the epithelium appeared
normal. The TOF-LMMS findings depicted in Figure
lOa-d, strongly suggest that the spheroliths mainly
consist of calcium phosphate. Comparison with spectra
recorded in hydroxyapatite and monobasic calcium
phosphate, confirmed the peak identifications.
TOF-LMMS was furthermore applied to help clarify
the nature of several granulomatous lesions (Vandeputte,
1989). It was utilized to identify the numerous noncaseating granulomas, with epithelioid cells and multinucleated giant cells, present in an omentum biopsy. It was
concluded that the lesions were probably caused by a
peritoneal contamination with an antacid. In another
case, granulomatous skin lesions were examined in a
patient with a paucibacillary form of leprosy. The
birefringent material present in the biopsy specimens
was found to be composed primarily of magnesium and
silicon and, to a lesser extent, of aluminum. The mass
spectra recorded closely resembled the mass spectra
obtained in talc.
Bos et al. (1990) analyzed joint capsules and tissue
membranes taken from the femoral and acetabular bonecement-interface of hips, in order to evaluate the pathogenesis of the aseptic loosening of joint prostheses. In all
cases, an excessive inflammatory histiocytic reaction
with intracytoplasmatic incorporation of small granular
foreign material was observed. By TOF-LMMS, this
material could be identified as zirconium oxide, a
compound used to enhance contrast in bone cement. The
identification was confirmed by analysing zirconium
oxide powder, which gave practically identical mass
spectra. By using transmission electron microscopy,
another particle type could additionally be observed.
Their polymethylmethacrylate nature was confirmed by
using a Sudan-III staining method. The presence of
intracellular wear particles was found to cause the
observed chronic inflammation and is regarded as a
leading cause for aseptic prosthesis loosening.
In order to gain better insight into nephrotoxicity
induced by the administration of high doses of Cyclosporin, Verbueken et al. ( 1992) examined the nature of the
occurring intrarenal microliths. The "micro-calcifications
(dystrophic type)" or "metastatic calcifications", could
be identified as calcium phosphate. The mass spectra
were easily distinguished from those of intraluminal
calcium oxalate crystals and from reference standards,
such as monobasic calcium phosphate. Furthermore, the
mass spectra were similar to those from undecalcified
bone (hydroxyapatite), but could be differentiated from
brushite. The undertaken study indicated that intraluminal obstruction by calcium phosphate microliths, similar
to those seen with magnesium depletion or with high

Identification of inclusions by TOF-LMMS
For several reasons TOF-LMMS really represents
the method of choice for the study of microliths, spheroliths, crystals and granular foreign material in histological preparations. Local inclusions permit to exploit one
of the main assets of the LMMS technique, namely the
detailed characterization of the molecular structure of the
constituents, organic or inorganic in nature.
The characterization of an organic molecule requires
determination of the molecular weight, given by the
parent ions in the mass spectrum, and of the functionalities present, which can be deduced from the specific
fragments detected. Similarly, speciation of inorganic
compounds by LMMS refers to the detection of the
original molecule under the cationized or anionized form
as well as cluster ions, composed of the building blocks
or structural moieties of the inorganic compound. Note
that the speciation capabilities in LMMS are fundamentally different from the ones in for instance X-microanalysis, where the original composition has to be
derived from the relative abundance of the element
signals. The identification of molecules by means of the
original building blocks instead of the elements is a
major advantage whenever mixtures are analyzed. The
possibilities for detailed speciation and characterization
of organic compounds, give LMMS a still unique
position among the current microprobe techniques.
However, it also implies that the total number of ions,
generated from a component in the evaporated microvolume, becomes distributed over several signals. This
contrasts with the detection of elements, of which the
generated ions are all registered in a single signal.
Consequently, a substantially higher local concentration,
i.e. in the % range, is required.
The chemical composition of spheroliths, occurring
in the Bowman's membrane of patients suffering from
primary atypical bandkeratopathy, was successfully
studied with TOF-LMMS (Vandeputte et al., 1989b).
Electron microscopical investigations showed numerous
round granules, with a lucent centre and a dense periph-
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phosphate diets, may contribute to renal damage in rats
given high-doses of cyclosporin.
An other TOF-LMMS study undertaken by Vandeputte et al. (1993), was motivated by an interest in the
subcellular pharmacokinetics of the anti-leprosy drug
Clofazimine. The investigators aimed to identify the
composition of the brick-red crystalline material, which
had accumulated in the spleen of mice that had received
the drug in their diet for several months. The presence
of the drug (15 % Cl content), was indicated by the
appearance of chloride peaks in negative mass spectra
recorded in mouse spleen crystals. Figure 11 shows the
highly specific information, that could be deduced from
the positive ion signal originating from the protonated
molecule. External calibration of the m/z scale was
obtained using Csl.

section will try to evaluate the actual position of TOFLMMS in relation to other existing or emerging techniques.
The literature data discussed before, manifest the
following strengths and limitations of TOF-LMMS:
- the technique does not impose stringent requirements to the sample (dielectric or conducting) and the
speed of operation is high (50 spots analyzed within one
hour).
- in principle the TOF-LMMS technique, at least in
the transmission geometry, is fully compatible with the
kind of samples used in optical and electron microscopy.
However in practice, the procedure of embedding tissue
samples may lead to the redistribution of constituents
and hence becomes inadequate for subsequent microanalysis.
- study of the major compone_ntsin local inclusions,
represents the application of choice for TOF-LMMS.
The obtained information allows detailed characterization
of organic or inorganic molecules, by means of signals
which refer directly to the intact molecules and the
composing moieties or functionalities. The capability of
TOF-LMMS to perform organic and inorganic analysis
on a local scale is still unsurpassed by other microprobe
techniques. However to exploit this capacity, relatively
high local concentrations in the % range are required. In
the field of biomedical and biological analysis, this
condition practically corresponds to the analysis of local
inclusions in the µm size range; - the sensitivity of TOFLMMS for elemental ions, permits direct identification
and localization of physiologically important elements at
the 1 µm scale. This means that subcellular localization
approaches the limits of the methodology. However,
TOF-LMMS is based on spot analysis and no mapping
capabilities are provided. Furthermore, quantisation is
still not obvious at the present state of art. Unless
special precautions are taken, TOF-LMMS essentially
yields a semi-quantitative answer about the quantity of
a given species in the microvolume analyzed.
In our opinion, the main strength of LMMS resides
in the quantitative identification of local constituents by
means of molecular and structural information. The
limitations of the method lie in the spatial resolution,
which is not entirely adequate for sub-cellular localization purposes, and in the lack of routine quantisation
capabilities.
Looking at the recent developments in laser microprobe mass spectrometry, an improved version of the
TOF-LMMS was reported. The refinements made let
foresee that the analytical utility will be substantially
improved. It is not clear however, if the limitations
mentioned above, will soon be solved. Also a Fourier
type of LMMS was developed, but we expect benefits

Evaluation and Prospects
Commercial TOF-LMMS instruments became
available 15 years ago. The concept of focused laser
irradiation of solid samples in conjunction with mass
spectrometric detection, was extremely appealing to
virtually all scientists struggling with problems of "local
and total" analysis. As to the local aspect, the measurement of non-conducting samples represented a major
obstacle to current alternative microprobe techniques,
most of which are based on the initial interaction of the
sample with a beam of charged particles (electrons or
ions). Charging phenomena then occur in dielectric
samples. As to the aspect of total analysis, none of the
current microprobes can compete with LMMS in those
applications requiring the characterization of organic
compounds by means of structurally relevant information
(and not by eg. the carbon content). In fact, there is no
other mass spectrometric technique for solids, of which
the ionization method allows generation of ions from
both organic and inorganic compounds with high spatial
resolution.
The early studies and preliminary feasibility experiments, reported in the literature soon after the introduction of the commercial TOF-LMMS instruments, reflect
the high expectations raised by the LMMS technique.
Not only organic and inorganic analytical chemists, but
among scientists from a variety of application fields,
e.g., material sciences, biomedicine and biology, were
interested. The present review, covering the period
1989-1993, reveals that the initial enthusiasm in the
latter field has been tempered. There still appeared a
collection of interesting applications, but is seems that
TOF-LMMS is not going to become the method of
choice for the determination of the chemical composition
of biological specimens on a sub-cellular level. This
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Figure 11: (left) Analysis of pure Clofazimine reference product : (A) positive ion mass spectrum from m/z=20 to 490
and (B) expansion of the range from m/z=325 to 490. (Right) Positive ion mass spectrum of brick-red crystals in an
mouse spleen cryosection : (A) positive ion mass spectrum recorded from m/z=20 to 490 and (B) expansion from
m/z=325 to 490. Reprinted from Vandeputte et al. (1993) with permission of John Wiley and Sons Ltd.
especially in the field of material analysis and in the
field of the fundamental elucidation of the desorption/ionization processes. These in tum can be profitable to
improve the methodology in TOF-LMMS. However, we
feel that the spot size (5 µm), the reflection geometry
(poor visibility) and the loss of sensitivity in comparison
to TOF-LMMS limit the use of FT-LMMS in biomedical applications at this moment.
Among the other micro-analytical techniques which
provide an alternative or complement to TOF-LMMS in
biological applications, we have at least some experience
with the following techniques:
- nuclear microscopy comprising micro particle
induced X-ray emission (micro-PIXE) and Rutherford
Backscattering (RBS). The sample is irradiated with
charged particles (protons or alpha particles). The
emitted X-rays (micro-PIXE) and the energy of the
incident particles (RBS) after interaction with the analyte
are detected. These methods yield multi-element information, but cannot achieve structural characterization of
organic compounds or speciation of inorganic constituents. The spatial resolution is typically 1-2 µmin routine
measurements. Scanning of the incident beam allows

elemental mapping. Sample charging is negligible.
Quantisation down to 10-100 ppm is readily performed.
Complementing morphological information can be
obtained by Scanning Transmission Ion Microscopy
(STIM) or by imaging secondary electrons;
- X-ray micro-analysis in an electron microscope
extends the well-known capabilities for morphological
studies with elemental detection. A Scanning Transmission Electron Microscope with an Energy Dispersive Xray detector (STEM-EDX) is most appropriate for
biological applications. Quantisation is not always
obvious, but possible. Detection limits expressed in local
concentration (within analyzed micro-volume) are
inferior to the ones in TOF-LMMS. However, the
typically used electron beam diameter can significantly
confine the analyzed microvolume. This permits to
eliminate the dilution effect occurring in TOF-LMMS,
whenever a significant element accumulation occurs in
a sub-micrometer structure. STEM-EDX does not permit
direct speciation or characterization of organic molecules, but elemental mapping is possible;
- Electron Energy Loss Spectroscopy (EELS) is a
recent development of electron microscopy and hence
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suchung und Laser-Mikrosonden-Massenanalyse. (The
pathogenesis of cemented hip joint prothesis loosening.
Light and electron microscopic study and LAMMAanalysis) Z Orthop 128: 73-82.
Bos I, Lindner B, Seydel U, Johannisson R, Henssge J, Loehrs U (1990b) Nicht-infektiose Entziindung bei
der Lockerung zementierter Hiiftgelenkendoprothesen
(Non-infectuous inflammation due to loosening of
cemented hip joint protheses). FOCUS MHL (Med.
Universitat Lubeck, FRG) 7: 15-23.
Brenna JT, Creasy WR, McBain W, Soria C (1988)
Nd: YAG laser microprobe system for Fourier-transform
ion cyclotron resonance mass spectrometry. Rev Sci
Instrum 59: 873-879.
Brenna JT (1989) Laser microprobe Fourier transform ion cyclotron resonance mass spectrometry:
instrumentation and results of polymer studies. In:
Microbeam Analysis 1989 (Russell PE, ed) San Francisco Press, San Francisco, pp 306-310.
Clarke NS (1989) Laser microprobe mass spectrometry. Microscopy and Analysis Sept 1989: 33-36.
Cotter R J.(1989) Time-of-flight mass spectrometry:
an increasing role in the life sciences. Biomed Environ
Mass Spectrom 18: 512-532.
De Nollin S, Van Vaeck L, Jacob W, l110ne F,
Wouters L, Borgers M (1991) Assessment of total
calcium in chronically ischemic human myocardium with
laser microprobe mass analysis (LAMMA). J Mo! Cell
Cardiol 23 (Suppl V), S58, P4.
Dietz M, Haas M, Lindner B, Dhople AM, Tebebe
YB, Seydel U (1991) Intrabacterial sodium-to-potassium
ratios and ATP contents of Mycobacterium leprae from
Ofloxacin-treated patients. Int J Lepr Other Mycobact
Dis 59: 548-557.
Eeckhaoudt S, Vandeputte D, van Praag HJ, Van
Grieken RE, Jacob WA (1990) Localization of aluminium and lead in fine roots and mycorrhiza of Norway
Spruce (Picea abies L. Karst.) using laser microprobe
mass analysis. In: Proc Int Conj "Acidic Deposition: Its
Nature and Impacts" (Glasgow), Royal Soc Edinburgh,
Conf Abstr 407.
Eeckhaoudt S, Vandeputte D, van Praag HJ, Van
Grieken RE, Jacob WA (1992a) Laser microprobe mass
analysis (LAMMA) of aluminum and lead in fine roots
and their ectomycorrhizal mantles of Norway Spruce
(Picea abies L Karst.) Tree Physiology 10: 209-215.
Eeckhaoudt S, Landsberg J, Van Grieken R, Jacob
W, Watt F, Witters H (1992b) A microanalytical study
of the gills of aluminium-exposed catfish. In: Proceedings 13th Int. Congress on X-Ray Optics and Microanalysis, Manchester (Kenway PB, Duke PJ, Lorimer GW,
Mulvey T, Drummond IW, Love G, Michette AG,
Stedman M, eds) Inst Phys Conf Ser No 130, Inst

provides the necessary possibilities for detailed morphological examination of the biological specimens. During
their travel through the sample, the electrons interact
with the analyte and release a fraction of their initial
energy. The measurement of the energy deficiency
allows identification of the analyte. Mapping capabilities
are available. Quantitative assessment, ultimately in the
ppm range, can be performed. The lateral resolution
goes down to 5 nm but structural information from
organic molecules cannot be obtained.
It is foreseeable that these three micro-analytical
techniques will be intensively employed in biology and
biomedicine. Their main asset for this type of research,
consists of the capability to quantify the elemental
composition at the sub-cellular level. Obviously the
electron microscopy related techniques, STEM-EDX and
EELS, are particularly appealing because of their
imaging capabilities. This does not mean however, that
the role of LMMS is over. None of the matured or
emerging techniques can compete with LMMS in respect
to the localization of organic and inorganic compounds
by means of structural ions. It can be expected that
further instrumental development and methodological
research, will revive interest in LMMS as a complementary tool for biological applications.
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tions or absolute amounts depending on what was
mentioned in the publications. We have deliberately
taken these values as such because the authors do not
always specify exactly the analyzed volume for the
determination of the detection limits.

G.M. Roomans: In my opinion, whether a standard is
useful can be checked by analysing it with the technique
for which it is to be used, and with the requirement that
the variation in the results should not be significantly
exceeding the expected variation because of counting
statistics. In addition, an independent check on the
overall composition of the standard should be available.
Comment please.
Authors: Up to now, we have experienced that obtaining a suitable standard, homogeneously enough for
biological applications by LMMS, is not trivial at all. In
respect to the evaluation of a standard-candidate by
LMMS itself, we found that the method allows for good
reproducibility on one component materials (e.g. a shotto-shot variability of 5 %). The problems encountered
with more suitable standard-candidates (more components) can, in our opinion, be assigned to heterogeneities
of the local composition.

Discussion with Reviewers
U. Seydel: Why is the detection limit not referred to the
analyzed volume?
Authors: The detection limit is expressed in concentra-
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